ABSTRACT: The floodwater mosquito Aedes vexans can be a massive nuisance in the flood plain areas of mainland Europe, and is the vector of Tahyna virus and a potential vector of Dirofilaria immitis. This epidemiologically important species forms three subspecies worldwide, of which Aedes vexans arabiensis has a wide distribution in Europe and Africa. We quantified the genetic and phenotypic variation in Ae. vexans arabiensis in populations from Sweden (northern Europe), Hungary, and Serbia (central Europe). A landscape genetics approach (F ST , STRUCTURE, BAPS, GENELAND) revealed significant differentiation between northern and southern populations. Similar to genetic data, wing geometric morphometrics revealed two different clusters, one made by Swedish populations, while another included Hungarian and Serbian populations. Moreover, integrated genetic and morphometric data from the spatial analysis suggested groupings of populations into three clusters, one of which was from Swedish and Hungarian populations. Data on spatial analysis regarding an intermediate status of the Hungarian population was supported by observed Isolation-by-Distance patterns. Furthermore, a low proportion of interpopulation vs intrapopulation variance revealed by AMOVA and low-to-moderate F ST values on a broader geographical scale indicate a continuous between-population exchange of individuals, including considerable gene flow on the regional scale, are likely to be responsible for the maintenance of the observed population similarity in Aе. vexans. We discussed data considering population structure in the light of vector control strategies of the mosquito from public health importance. Journal of Vector Ecology 41 (1): 159-170. 2016.
INTRODUCTION
The floodwater mosquito Aedes (Aedimorphus) vexans (Meigen) is an aggressive species with long flight range and a worldwide distribution (Knight and Stone 1977, Reinert et al. 2004) . Before the implementation of efficient mosquito control, this mosquito was a nuisance in large areas surrounding the flood plains and deltas of the River Rhein, the River Danube, and the River Rhone in mainland Europe (Becker et al. 2010 ). In addition, Ae. vexans is the main vector of Tahyna virus in central Europe (Lundström 1994 (Lundström , 1999 ) and a potential vector of dog heartworm Dirofilaria immitis in Europe (Yildrim et al. 2011 , Rudolf et al. 2014 . In total, 30 arboviruses have been isolated from the species worldwide (Horsfall and Novak 1991) , including West Nile virus and Rift Valley fever virus (Goddard et al. 2002 , Miller et al. 2002 .
Based on current taxonomy, this important and interesting mosquito forms three subspecies worldwide: Aedes vexans vexans (Meigen) found in East Asia, Aedes vexans arabiensis (Patton) found in Africa and Europe, and Aedes vexans nipponii (Theobald) found in Southeast Asia (Knight and Stone 1977 , Reinert 1973 , Reinert et al. 2004 . Distinction between subspecies was defined by adult morphological traits, including tergites, mid-tibia, and male palpi (Gutsevich 1971 , White 1975 ) and ND4 mitochondrial DNA (mtDNA), while the 5' end of cytochrome oxidase I mtDNA ('barcoding' fragment) was found to be only partially useful (Cywinska et al. 2006 ). However, Krtinić et al. (2013) used population diagnostic isozyme loci and observed a lack of gene flow between Ae. vexans populations in North America and Europe, indicating the presence of independent gene pools. In addition to taxonomic issues, understanding the species potential for adaptation to changeable environments, as well as knowing population connectivity, is of interest for the long-term ability of performing efficient control programs that could reduce nuisance and the risk for spread of human pathogens by Ae. vexans in Europe and elsewhere. Consequently, adaptability of pest and invasive species and their vector capacities for transmission of disease pathogens have been a focus in vector control programs (Forsman 2014) .
Therefore, we applied an integrative approach to study phenotypic and genetic diversity of Ae. vexans across Europe. Knowledge of the variation in wing traits can contribute to better insights into the population structure of vector-borne pathogens and provide necessary data on dispersion patterns, and thus transmission pathogens (Ruiz-Garcia et al. 2003 , Poolprasert et al. 2008 . Although it has been considered as a sensible method for studying intraspecific (Krtinić et al. 2015 , 2016 , Petersen et al. 2015 and interspecific (Jaramillo-O et al. 2015 , Laurito et al. 2015 phenotypic variation in mosquitoes, wing geometric morphometrics has not yet been applied to Ae. vexans in Europe. We are interested in whether populations from northern and central Europe are different based on wing size and shape. This is of particular importance since these two traits are considered to be genetically determined by two different gene clusters (Carreira et al. 2011 ). In addition, wing size is thought to be a more environmentally sensitive trait (Dujardin 2008 , Gómez et al. 2014 , and thus less heritable than wing shape (Jirakanjanakit et al. 2008) . Similarly, we were interested in any genetic differentiation between populations that originated from geographically distant regions. Thus, we applied individual-and population-based methods for assessing the spatial structure of the European Ae. vexans.
MATERIALS AND METHODS

Mosquito collection
Five populations of Ae. vexans were sampled across Europe: in Serbia (Novi Sad and Zrenjanin, Vojvodina Province), Hungary (city Pécs), and Sweden (Gysinge, Deje). The Serbian mosquito collections were performed in Novi Sad, Serbia (29 June 2013.) and in Zrenjanin, Serbia (5 May 2013.). The Hungarian mosquito collection was performed in 2012 in Pécs, Hungary. The Swedish mosquito collections were performed in Gysinge, Gävleborg County (20 October 2007) , and in Deje, Värmland County (4 July 2012). Populations were defined a priori based on sample origin and applying the biological definition of a population (Waples and Gaggiotti 2006) .
Mosquito control, using organophosphates, pyrethroids, insect-growth regulators, and biological agents have been applied intensively in Novi Sad since the 1970s and early 1980s, and occasionally against the population in Zrenjanin (not every year and less intense during the season) since the 1980s. Prior to mosquito sampling, no mosquito control activities had been directed at the investigated Ae. vexans populations in Sweden and Hungary. However, since July, 2009, a mosquito control program using VectoBac G (containing Bacillus thuringiensis israelensis) has been active against Aedes sticticus and other floodwater mosquitoes in the Gysinge area of the River Dalälven flood plains.
Dry ice-baited miniature traps were used for sampling adult female mosquitoes during one night in each of the five study areas. Specimens were stored at −20° C until use in allozyme analysis and wing geometric morphometrics (Figure 1 ; sample codes and numbers of collected specimens are provided in Table 1) . A total of 100 specimens were used in both allozyme and geometric morphometric analyses (SEGYS 11, SEDEJ 17, HUPEC 27, RSZR 31, RSNS 14) , and an additional 33 (SEGYS 9, SEDEJ 10, HUPEC 11, RSZR 3) and 54 (SEDEJ 7, RSNS 47) specimens were included in allozyme and geometric morphometric analyses, respectively. Species identification was performed based on the morphological taxonomic characters defined in Becker et al. (2010) prior to preparation of wings and body tissue extracts, and nomenclature follows the suggestion by Wilkerson et al. (2015) . Microscopic slides of wings and wing images used for morphological studies were deposited at the Department of Biology and Ecology, Faculty of Sciences, University of Novi Sad.
Allozyme analysis
A total of 133 specimens from Sweden (47), Hungary (38), and Serbia (48) was included in the allozyme analysis to quantify genetic diversity at the intra-and interpopulation levels ( Figure 1 ) . A tris-borate-ethylenediaminetetraacetic acid buffer system (pH 8.9) was used to assay AO, EST, GPI, HK, ME, and PGM, whereas a tris-citrate buffer system (pH 7.1) was used for analysis of AAT, GPD, HAD, and IDH. Electrophoresis was conducted at 90 mA (135-220 V) for 3-4 h. Specimens from all samples were separated concurrently on all gels to facilitate comparisons of electrophoretic mobility. Genotype and allele frequencies were calculated directly from observed banding patterns based on the genetic interpretation of zymograms.
Wing geometric morphometrics
Female mosquitoes from Sweden (35), Hungary (27), and Serbia (92) were analyzed to study variation in wing size and shape by applying geometric morphometrics (Table 1) . Both left and right wings of the 154 individuals were removed and mounted in Hoyer's medium between microscope slides, and digital images were taken with a Leica DFC320 camera connected to a Leica MZ12.5 stereomicroscope. Images of right wings were used for the morphometric analysis, and a set of 16 landmarks (type I) ( Figure 2 ) were digitized using TpsDig 2.17 (Rohlf 2013) . To evaluate a measurement error due to the digitizing process, each wing was digitized three times by the same person (JL) and subjected to a Procrustes ANOVA (Klingenberg et al. 2002) . The results showed that the Procrustes mean squares for individual variation substantially exceeded measurement error. Therefore, for the remaining analyses, the shape data from the replicate measurements of each specimen were averaged.
To explore wing size and shape variation, raw landmark coordinates were superimposed using a full Procrustes fit procedure (Dryden and Mardia 1998 ) that removes variation due to the scale, position, and orientation of landmark configurations. Wing size variation was examined using centroid size (the square root of the sum of the squared distance between each landmark and the wing centroid). Differences in wing size between populations were assessed using one-way ANOVA followed by a multiple comparison test (Tukey's pairwise post-hoc test). To test for the presence of allometry, the relationship between size and shape, a multivariate regression of Procrustes coordinates against centroid size on pooled within-group (pooled by population) variation, was conducted. The significance of the allometry was calculated with a permutation test with 10,000 iterations.
To determine differences in wing shape, the set of shape variables (a matrix of Procrustes coordinates) were subjected to the Procrustes ANOVA (analogous to MANOVA) and Canonical Variates Analysis (CVA) with 10,000 permutations. Pairwise differences were quantified using Procrustes distances and compared with a permutation test with 10,000 iterations. To investigate phenetic relationships between populations, an unweighted pair-group method using an arithmetic average (UPGMA) cluster analysis was performed on the matrix of Procrustes distances.
All statistical analyses were done using MorphoJ version 1.06d (Klingenberg 2011) and PAST (Paleontological Statistics) version 3.07 (Hammer et al. 2001 ) software.
Population genetic structure and genetic differentiation
To assess if the sampling and the allozyme alleles used were enough to detect a structure if there was one (i.e., power of the tests), we conducted several simulations using the computer program POWSIM version 4.1 (Ryman and Palm 2006) . The program detects significant differentiation (using Chi-squared and Fisher's exact tests) under a specified level of population divergence given by 1 -(1 -1/2Ne) t , where t is the time since divergence and Ne is the effective population size. We simulated scenarios assuming different sample sizes and levels of divergence, with populations being separated for 100 generations, each with Ne of 5,000. The values were used to simulate a case where the split of populations was very recent and the populations were very large. Hence, this was a very conservative test of power, as if time was longer and Ne was smaller, it would be much easier to find significant results. Significance estimates were based on 1,000 independent simulations. Calculated parameters of the population genetic structure were based on allozyme data and were corrected using Levene's (1949) formula for small samples using BIOSYS-2 (Swofford and Selander 1989) . The analysis included determining genotypic and allelic frequencies, percentage of polymorphic loci (P), the mean observed (Ho) and expected (He) heterozygosity, and the presence of rare and major alleles. Rare alleles were defined as variants with frequencies of ≤ 0.05 (Ayala et al. 1974 , Munstermann 1994 . Although the distinction between commonness and rareness is arbitrary, in this study major alleles are defined as present at frequencies of ≥0.5 (Ghosh et al. 1999) .
Genetic diversity was assessed by calculating the mean gene diversity over loci using ARLEQUIN, version 3.11 (Excoffier et al. 2005) . Theta (θ H ) for the allozyme data was estimated from the expected homozygosity (Ewens 1972) . Estimates of θ (where θ = 2Nu, N is the effective population size and u is the mean mutation rate per locus per generation) were based on the infinite alleles model.
Genetic population structure at both population and individual levels was carried out using a model-based clustering method implemented in STRUCTURE software (Pritchard and Figure 2 . Right wing of Aedes vexans showing the location of the 16 landmarks selected for geometric morphometric analysis.
Wen 2003). The correlated allele frequencies model and the admixture model were selected with a burn-in period of 100,000 and 100,000 Markov chain Monte Carlo. To check the consistency of results between runs with the same K, five runs were performed for each value of K. We estimated the number of clusters and the assignment of individuals into clusters using two methods: (1) the most likely number of clusters was estimated by determining the change in the marginal likelihood of the data Pr(X|K) when the numbers of clusters (K) was fixed to different values; (2) the ΔK method sensu Evanno et al. (2005) was implemented to detect the amount of structuring. ΔK is the second order rate of change of the marginal likelihood function and takes into account both the gain in posterior probabilities over a range of K-values and the variance between independent runs at given values of K. Results of all runs were summarized using STRUCTURE HARVESTER, version 0.6.92 (Earl and vonHoldt 2012) . We also used the Bayesian clustering method implemented in the program BAPS 5.3 (Corander et al. 2004 (Corander et al. , 2008 . This method allows a more hierarchical analysis treating the partition among groups of individuals as the parameter of main interest. It treats both the allele frequencies of the molecular markers and the number of genetically diverged groups in the population as random variables and uses stochastic optimization to infer the posterior mode of the genetic structure. BAPS was run with the maximal number of groups (K) set to 2 -5 (i.e., a number equal to the number of sampled populations). Each run was replicated ten times, and the results were averaged according to the resultant likelihood scores.
To estimate potential locations of discrete population structure in the data we also applied the Bayesian clustering algorithm employed in GENELAND 4.0.3 (Guillot et al. 2005) , implemented in R software 2.15.1 (R Development Core Team 2008), which takes into account the spatial location of sampling sites and estimates the optimal number of population clusters. We ran ten replicates for two million iterations (thinning = 200) with the number of possible clusters K ranging from two to five and checked for consistency. We processed a final run on a landscape of 100x100 cells and with a burn-in of 2,000 iterations, fixing the maximum K to three, the value with the highest posterior density from all preliminary runs (Leaché 2011) . GENELAND incorporates spatial data directly under the assumption that populations are spatially organized. However, this model does not assume admixture and any genetic boundaries found are assumed to separate K random mating populations (Manel et al. 2007 , Guillot et al. 2005 . Improvements to the model suggest the ability to increase the detection of clusters having low genetic differentiation (Guillot et al. 2008 ). Finally. geo-referenced phenotypic and genetic data were integrated in GENELAND software. The dataset, consisting of 100 specimens genotyped at allozyme loci and their morphometric data (individual CVA scores), was analyzed using data combinations of phenotypic and genetic data under the spatial model. Ten independent Markov chain Monte Carlo runs of 100,000 iterations were performed, discarding the first 10,000 iterations as burn-in (Guillot et al. 2005 (Guillot et al. , 2008 .
In addition, association among genetic and geographic distances was assessed by Mantel test (Mantel 1967 (Rousset 1997) . This analysis was performed using Isolation by distance web service (Jensen et al. 2005 ) and significance levels of observed associations were evaluated using a total of 10,000 permutations. Interpopulation genetic differentiation, measured as Wright's F ST (Weir and Cockerham 1984) , was estimated by ARLEQUIN software, version 3.11 (Excoffier et al. 2005 ) and the significance between each comparison pair was evaluated through 1,000 permutation procedures. A hierarchical analysis of molecular variance (AMOVA) was estimated using ARLEQUIN, version 3.11 (Excoffier et al. 2005) . Ten thousand permutations were used to determine the significance of variance components at several levels: 1) between "treated" (RSZR and RSNS) and "untreated" (SEGYS, SEDEJ, and HUPEC) populations; 2) between two genetically clustered groups according to STRUCTURE analysis; 3) among three unique genetic clusters defined by both GENELAND and BAPS (Cluster I: HUPEC, RSZR, and RSNS, Cluster II: SEGYS and Cluster III: SEDEJ); and 4) among all populations (ungrouped). Genetic differentiation among populations was also assessed using the genetic distance coefficient (D) of Nei (1972) .
RESULTS
Population genetic structure
Ten enzyme systems representing allelomorphs of 14 allozyme loci were assayed in five populations of Ae. vexans. Analysis of allozyme variation revealed the presence of 31 alleles, from which 28 were detected in populations SEDEJ and HUPEC, while 26, 25, and 24 were registered in SEGYS, RSZR, and RSNS, respectively. The Aat, Hk-2, Hk-3, and Hk-4 loci were monomorphic with the same allele in all populations. In all populations, Ao, Est-6, Gpi, and Idh-2 loci were polymorphic. By contrast to SEDEJ and HUPEC, loci Gpd-2 and Pgm-1 were polymorphic in three other populations. Additionally, loci Idh-1 and Pgm-2 were polymorphic in all populations but SEGYS. The Me locus was monomorphic in both Serbian populations as well as Had in the HUPEC population. The largest number of alleles (6) and genotypes (16) was identified at the Est-6 locus ( Table 2) .
Thirteen heterozygote genotypes were registered at Est-6 (10), Had (2), and Idh-2 (1) loci (Table 2 ). The observed heterozygosity (Ho) was lower than the expected heterozygosity (He). The genotypic fixation index (F is ) indicated excess homozygosity (F is > 0) at Had in SEDEJ, Idh-2 in HUPEC, Had and Idh-2 in RSZR, and Idh-2 in RSNS populations (results not shown).
Analysis of population genetic structure parameters revealed differences among the studied populations of Ae. vexans. The mean number of alleles per locus (A) and the frequency of polymorphic loci (P) were highest in the SEDEJ and HUPEC populations from Sweden and Hungary, respectively. Differences in the amount of genetic variation among the studied populations were connected with the effective population size obtained by θ H (Table 2) .
Phenotypic variation
Multivariate regression of shape variables on centroid size was significant (p<0.0001), although it accounted for only a small amount (5%) of the overall shape variation. To remove allometric effects, size-corrected shape variables (the residuals from the regressions) were used in subsequent shape analyses.
Wing size varied significantly among populations (F (4,149) =19.09, p<0.001). The two Serbian populations (RSZR and RSNS) had significantly larger centroid size (Tukey test, p<0.001) than one of the Swedish populations (SEDEJ) and the Hungarian (HUPEC) population ( Figure 3A) . The Serbian population RSZR had significantly larger centroid size (Tukey test, p<0.01) than the Swedish population SEGYS.
Canonical variate analysis also revealed differences in wing shape among populations ( Figure 3B ). Along the first canonical variable (CV1), the two Serbian populations were separated from the two Swedish populations. Shape changes along the CV1 were associated with the displacement of the landmarks 1, 8, 9, 13, 14, 15, and 16, which influenced the length and width of the wing (Figure 4) . Permutation tests on Procrustes distances showed that the Swedish SEGYS mean shape configurations were significantly different both from the Hungarian HUPEC (Procrustes distance= 0.0126, p<0.05) and from the Serbian RSZR (Procrustes distance= 0.0137, p<0.05) and RSNS (Procrustes distance= 0.0134, p<0.01) populations. The Swedish SEDEJ population was also significantly different from the Hungarian HUPEC (Procrustes distance= 0.00152, p<0.001), and the Serbian RSZR (Procrustes distance= 0.0156, p<0.001) and RSNS populations (Procrustes distance= 0.0174, p<0.001).
Genetic differentiation and phenotypic relationships
The POWSIM analysis of statistical power for detecting differentiation among samples showed 100% for both Chi-squared and Fisher's exact test where Ne/t combinations corresponded to 5,000/100. Therefore, the simulations indicate that the number of individuals and the polymorphism of loci used in this study provide strong support to identify genetic structure at low levels of divergence with 100% probability of detecting F ST values as low as 0.02. The alpha error (the probability of obtaining significant genetic structure when the true F ST =0) was consistently about 5% in all simulations.
The presence of major (≥ 0.5) and rare (≤ 0.05) alleles indicate spatial patterns of genetic diversity. The same major alleles at all loci were observed in all populations. However, different major alleles were found at Gpd-2 in SEDEJ. Different rare alleles at Ao (HUPEC), Had and Idh-2 in RSZR, and Pgm-1 (HUPEC) were recorded as well (Table 2) .
Bayesian genotypic clustering analysis implemented in the STRUCTURE software assayed two clusters of genetically related individuals. Average log-likelihoods across five replicate STRUCTURE runs showed steadily increasing values with a declining rate of increase in Pr(X|K) from K = 2 (empirical and simulation evidence suggests that a biologically meaningful number of K may be indicated by a declining rate of increase in Pr(X|K) as K increases rather than by the absolute maximum likelihood (Pritchard et al. 2000 , Evanno et al. 2005 ). Based on two of Evanno's proposed genetic clusters, one cluster was formed by a majority of individuals from Swedish populations, while most of the individuals from the three remaining populations clustered together into another cluster ( Figure 5 ). However, the Bayesian analysis performed on the software GENELAND ( Figure 6A ) and BAPS ( Figure 6B ) supported the existence of three unique genetic clusters: Cluster I: HUPEC, RSZR, and RSNS, Cluster II: SEGYS and Cluster III: SEDEJ. The final Bayesian implementation was performed using GENELAND on geo-referenced phenotypic and genetic data. The estimated number of clusters was three across the ten independent runs. From this, integrated genetic and morphometric data suggested groupings of populations defined as Cluster I: SEGYS, Cluster II: SEDEJ and HUPEC, and Cluster III: RSZR and RSNS (Figure 7) .
Isolation-by-distance was significant based on the Mantel test (r = 0.591, p < 0.05). Pairwise standardized variance of allelic frequency, F ST , indicated significant genetic differences among RSZR and populations from Sweden as well as between RSNS and SEDEJ (Table 3 ). The greatest degree of genetic divergence according to Nei (1972) was found between SEDEJ and both Serbian populations (Table 3) . Results from analysis of molecular variance (AMOVA) suggested that a majority of the genetic variance was attributed to variation within populations (95%), and the remaining variation (5%) was among populations (Table 4) . UPGMA cluster analyses of wing shape, based on Procrustes distances, grouped in the same branch two Swedish population, while the remaining three populations clustered together ( Figure  8 ).
DISCUSSION
As far as we know, this is the first integrative study of genetic and phenotypic variation in Ae. vexans on a large geographical scale, and we observed geographically related variance and allozyme allele occurrence as well as variance in wing size and shape. Previous analysis of wing size and shape in Ae. vexans populations from northeastern Turkey showed that interpopulation differences in wing morphology varied with altitude, but the genetic basis of the phenotypic variation was not studied (Kuclu et al. 2011) . In the present study, the Serbian populations of Ae. vexans had significantly larger wings than Hungarian and northern European populations. That pattern might be a case of a converse Bergmann cline, which presumably occurred in half of all the insect species (Shelomi 2012) . However, whether wing size (as a measure of body size) correlates with annual mean temperature, meaning that body size decreases with increasing latitude, and consequently decreasing mean temperature, season length, and development time (Masaki 1978) , is still open to study in ectoterms, including mosquitoes. Furthermore, the inter-population variation in Ae. vexans wing shape we estimated showed a spatial structure with two clusters at the European scale; one included the two Swedish populations and the other included the Hungarian and two Serbian populations. However, canonical variate analysis of wing shape separated two Serbian populations from the two Swedish populations, implying intermediate status of the Hungarian population. Spatial analysis based on integration of genetic and phenotypic data clustered Hungarian and one Swedish populations (SEDEJ) together. However, based on allozyme polymorphism, we verified the strength of genetic structuring using both spatially non-explicit (STRUCTURE) and spatially explicit models (BAPS and GENELAND) by grouping Hungarian and Serbian populations into one cluster. Thus, disagreement of the data, which is mainly linked with the placement of the Hungarian population, can be explained by the observed Isolation-by-Distance pattern. Indeed, correlation between geographic distance and genetic differentiation (based on Isolation-by-Distance model) further confirmed the population structure of Ae. vexans across Europe. Therefore, according to our findings, the Hungarian population exhibits a transition between northern and central European populations. In addition, unlike the STRUCTURE results, both BAPS and GENELAND identified additional sub-structuring between the two Swedish populations. This substructuring observed for Swedish populations might be the result of divergent selection pressures and evolutionary processes that act on the mosquitoes from the area studied. Since our study aimed to compare the variation of genetic markers and phenotypic traits in populations across Europe, associations between these variation and environmental variables at finescale will be the subject of future studies.
Furthermore, we observed lower genetic variation in both Serbian populations that likely reflects the influence of genetic drift and divergent selection that stemmed from artificial selection pressures (insecticide treatments have been applied intensively since the 1970s). Data presented are similar to those observed in samples of Ae. vexans collected 14 and 16 years ago in Novi Sad (Milankov et al. 1999 , Krtinić et al. 2013 ) and populations from Germany and California, U.S.A. (Krtinić et al. 2013) .
In summary, our study of genetic variation of European populations of Ae. vexans showed that a large amount of genetic variation occurred within populations, despite the registered population structuring. These findings were further supported by the low proportion of interpopulation vs intrapopulation variance revealed by AMOVA and low-to-moderate F ST values on a broader geographical scale. We consider that continuous betweenpopulation exchange of individuals, including considerable gene flow on the regional scale, are likely to be responsible for the maintenance of the observed population similarity in Ae. vexans. Since the pattern of wing shape variation and genetic diversity indicated a spatial structure (differentiation between northern and central European samples separated by more than 2,000 km), it is reasonable to conclude that gene flow is present across a broad geographical area and that the presence of multiple populations between the sampled sites (that were not sampled in this study) is obviously contributing to gene flow across the European landmass. Indeed, the ability of Ae. vexans to migrate long distances was shown by Clarke (1943) and Briegel et al. (2001) , including urban areas (Szalanski et al. 2006) . Likewise, extensive dispersal capacity was registered based on small F ST values (Solorzano et al. 2010) . The dispersal capacity of mosquito vectors is an important characteristic for understanding vector-borne disease spread (Sayson et al. 2015) . For instance, a correlation was documented between genetic distances and variation in pathogen susceptibility and insecticide resistance patterns (Poolprasert et al. 2008 ). Since our findings indicated that Ae. vexans gene flow occurs over large distances, vector control programs should require both local and large-scale actions. However, to obtain a more comprehensive understanding of the influence of divergent selection pressures on the adaptive potential of Aе. vexans, an integrative approach of Figure 7 . Patterns of population structure of Aedes vexans inferred by the integration of geo-referenced genetic and morphometric data using GENELAND software. Different colors of sample plots indicate heterogeneous genetic composition: light gray -1. SEGYS, medium gray -2. SEDEJ and -3. HUPEC, dark gray -4. RSZR and 5. RSNS. the relation between environmental, genetic and morphometric variation should be conducted.
